Background. Norovirus is an important cause of childhood diarrhea. We present data from a longitudinal, multicountry study describing norovirus epidemiology during the first 2 years of life.
until age 24 months, between November 2009 and February 2012. All sites received ethical approval and informed consent. Details of the study design are discussed elsewhere [10] .
Stool Collection and Microbiology
Routine stool collection was conducted monthly from age 1 to 12 months, and at 15, 18, 21, and 24 months of age. Homes were visited twice weekly for active surveillance of diarrhea and other symptoms, including fever, vomiting, cough, and appetite, to generate a continuous illness history. Diarrhea was defined as ≥3 loose stools in a 24-hour period and separated by at least 2 diarrhea-free days. Children experiencing moderate to severe diarrhea were referred to local health services.
Nucleic acid extraction was performed with the QIAamp viral RNA (Qiagen, Valencia, California), and real-time reverse transcriptase polymerase chain reaction was used to detect genogroups [11] . The presence of other enteropathogens was assessed per previously reported microbiologic methods [11] .
Norovirus testing was performed on all diarrheal stools collected in the study. Additionally, 10% of children at each site were randomly selected by identification number to have their routine stool samples tested for norovirus. Longitudinal analyses were performed using this subsample, whose symptomatic and asymptomatic history of infection was captured. Additional analyses were performed on diarrheal stools from the full study population to describe coinfection and disease severity.
Data Description and Definitions
Birthdate, sex, birth weight, and anthropometrics were recorded at enrollment. Data on anthropometrics and breastfeeding were collected monthly. Length-for-age z score (LAZ) was calculated according to World Health Organization's Multicentre Growth Reference Study Group guidelines [12] . Duration of exclusive breastfeeding (EBF) was defined as time from birth until age at which any clear liquid, solid food, milk, or milk formula was first given. Rotavirus vaccination in national immunization programs was included as a binary variable by country.
Other factors considered were diarrheal severity, incidence, cycle time as a surrogate for norovirus load, and coinfection with >40 other pathogens (full list available in [2, 10, 11] ). Severity was calculated using a Community Diarrheal Assessment (CODA) score [13] , with episodes assigned a severity score out of 15 points based on maternally reported presence and duration of fever, vomiting, anorexia, liquid stools, and the maximum number of stools in a 24-hour period at any time during the episode.
In the subsample of children, a new episode was defined as a positive stool sample separated by ≥1 negative sample from the previous episode. For wider analyses of only diarrheal stools, distinct norovirus episodes were defined as positive samples preceded by either a norovirus-negative diarrheal stool sample or a 14-day lag from the previous norovirus-positive sample. Viral load was estimated in each genogroup using the cycle time, with lower values denoting greater pathogen loads. Coinfection was considered a nominal categorical variable describing infection with neither, either, or both pathogens.
Statistical Analyses
Longitudinal analyses were conducted on the subsample of infants selected for routine and diarrheal norovirus testing. Kaplan-Meier survival analysis was conducted to estimate time to first GI/GII infection. Incidence rates were calculated using survival analysis allowing for multiple failures per child. A Cox proportional hazards model was used to model immunity against infection, using the Breslow method for ties and a robust variance estimate to account for within-child clustering. We used the adjusted attributable fraction to incorporate differences in norovirus prevalence and associations between detection and diarrheal symptoms across sites and to estimate the norovirus-specific burden of diarrhea in the population [2, 14, 15] . To model associations between norovirus detection and diarrheal symptoms at each site, we used generalized estimating equations specifying a binomial distribution to obtain odds ratios (ORs) adjusted for age and sex. The relationship between norovirus infection and subsequent child growth was explored using mixed-effects linear regression, specifying a random effect at the child level to account for within-child correlations. Growth models were adjusted for age and age squared, LAZ at the time of infection, and site.
Analysis of diarrheal samples was conducted to estimate proportions of pathogen-negative diarrhea, GI and GII norovirus, and coinfections. Mixed-effects linear regression was used to explore associations between age, coinfection, pathogen load, genogroup, LAZ, and diarrheal severity score. Age, EBF, LAZ, rotavirus vaccination, and norovirus load were included in adjusted models if associated with the outcome at P < .1. All analyses were conducted using Stata software, version 13 (StataCorp, College Station, Texas).
RESULTS

Longitudinal Analysis
A total of 1457 infants participated in the study, 199 of whom were randomly selected for routine norovirus testing. This subsample contributed 2598 surveillance stools and 770 diarrheal stools. Norovirus status was available for 3077 of the 3368 samples. Quality assurance review resulted in exclusion of anthropometrics from Pakistan. The numbers of participants and samples in the cohort are shown in Table 1 .
Eighty-six percent of children in the subsample had least 1 norovirus infection by 12 months, increasing to 89% by the end of the second year. Of these 199 children, 107 (53.8%) had at least 1 GI infection during follow-up, and 31 (15.6%) experienced at least 1 diarrheal episode with GI present. Likewise, 168 (84.4%) children had at least 1 GII infection and 72 (36.2%) experienced at least 1 GII diarrheal episode in the first 2 years of life. Across sites, 71.1% of infections and 81.8% of all norovirus-positive diarrhea occurred after 6 months of age. Cumulative incidence and prevalence were higher for GII across sites and age groups ( Figure 1 and Figure 2 ). Incidence rates for GI and GII in routine and diarrheal stools peaked at 6-12 months of age ( Viral load, genogroup, anthropometry, and coinfection with any other of the 40 enteropathogens were assessed as risk factors for symptomatic infection. Viral load was higher in GII samples than GI samples, but was not associated with the presence (GI: P = .176; GII: P = .695) or severity (GI: P = .691; GII: P = .813) of diarrhea. After adjusting for EBF, rotavirus vaccine, LAZ, and age, GII-positive samples had 85% increased odds of being symptomatic relative to GI (OR, 1.85 [95% CI, 1.12-3.08]; P = .017), and 42% increased odds relative to other pathogenpositive samples (OR, 1.42 [95% CI, 1.09-1.86]; P = .010).
Undernutrition was a risk factor for symptomatic infection. An increase in one LAZ was associated with a 17% reduction (OR, 0.83 [95% CI, .72-.97]; P = .011) in the odds of experiencing diarrhea when norovirus was present, accounting for genogroup, rotavirus vaccine, and age. The relationship between undernutrition and symptomatic infection was not affected by genogroup Incidence expressed as number of detections per 100 child-months. All detections, whether asymptomatic or diarrheal, were considered episodes for the calculation of incidence rates. Incidence rates for GI and GII groups were inclusive of coinfection.
Abbreviations: CI, confidence interval; GI, norovirus genogroup I; GII, norovirus genogroup II.
(P = .531). Of 619 stools in which norovirus was detected, 464 (75%) were coinfected with other enteropathogens. Most common coinfections included Campylobacter (37.6%), enteroaggregative Escherichia coli (30.9%), and Giardia (13.6%). However, no difference in the odds of symptomatic infection was seen comparing coinfected stools to those with norovirus alone (P = .767). Table 3) .
The association between norovirus and subsequent growth was explored adjusting for age squared, study site, and LAZ at the time of infection. No significant impact on growth was detected 3, 6, or 9 months postinfection for GI (P = .792, P = .552, and P = .724, respectively) or GII (P = .531, P = .219, and P = .848, respectively) infection.
Analysis of Symptomatic Stools
Further analyses were conducted on 7707 diarrheal stools collected from 1457 children in the subsample and the wider cohort (Table 1) . Campylobacter species (41.1%), enterovirulent E. coli (39.7%), and norovirus (22.7%) were the most prevalent pathogen detected in diarrheal stools across sites. The proportion of stools with detectable norovirus is shown by country and genogroup in Figure 3 . Of 1607 stools with norovirus present, 1248 (77.7%) also tested positive for other viral, bacterial, or parasitic enteropathogens (Table 4) .
Severity was measured using a continuous score with 15 points denoting maximum diarrheal severity. Scores were calculated for 5568 stool samples. Mean severity associated with norovirus episodes was 3.1, equal to the mean severity across all pathogen-associated episodes in the population. The final model included terms for norovirus infection, age, rotavirus vaccination, and EBF. Each additional month of life was associated with a mean reduction in diarrheal severity of 0.05 points (95% CI, −.054 to −.035; P < .001) and in noroviruspositive diarrheal severity of 0.06 points (95% CI, −.081 to −.033; P < .001). Severity of all diarrhea was found to decrease significantly by 0.004 points with each additional month of EBF (95% CI, −.005 to −.002; P < .001) in the adjusted model. This association was similar in magnitude, but the effect was not significant among norovirus-positive diarrheal stools (β = −.003 [95% CI, −.005 to .000]; P = .075). Children in countries with rotavirus campaigns experienced mean severity scores 0.87 lower points in diarrheal episodes, and 0.79 points lower in norovirus-positive episodes after adjustment. No univariate associations between LAZ and diarrheal severity score were observed (P = .153), which remained consistent after adjustment for age, EBF, and vaccination.
Age, rotavirus vaccine, and EBF were included in multivariable models to evaluate associations between norovirus, coinfection, and diarrheal severity. No difference was observed in severity between genogroups (P = .925 and P = .224 for GII and GI/GII coinfection, relative to GI infection). Norovirus was associated with a mean increase of 0.44 points relative to pathogen-negative diarrheal stools (95% CI, .24-.64; P < .001) in the adjusted severity model. While increased severity was observed in norovirus/rotavirus coinfection, this was explained by the increased severity associated with rotavirus alone. Mean severity during coinfection (4.32) was not significantly greater than rotavirus (4.19) in the adjusted model (P = .678).
DISCUSSION
This study highlights the significant burden of norovirus at 8 sites in variable epidemiologic settings using a unified protocol and sensitive diagnostic methods. Norovirus was the third most prevalent pathogen in 7077 diarrheal stools collected from 1457 children worldwide. More than half of the 199 children in the Adjusted for duration of exclusive breastfeeding. Items in bold were statistically significant at a threshold of P < .05.
longitudinal cohort experienced at least 1 GI infection and >80% experienced at least 1 GII infection in the first 2 years of life. This adds to the growing evidence of the high prevalence of norovirus in the community among children living in poverty.
We observed heterogeneity between countries with regard to infection and disease presentation. Norovirus diarrhea incidence rates ranged from 3 episodes per 100 child-months in Nepal to 18 per 100 child-months in Peru. Factors determining asymptomatic or symptomatic disease presentation also differed by site. We report an overall attributable fraction of 5.1%, but in some sites norovirus detection in stool was not significantly associated with diarrheal disease. For example, although asymptomatic carriage was highest in South Africa, only 4 children in this cohort experienced norovirus-positive diarrhea in their first 2 years of life. In contrast, nearly all children in Peru experienced at least 1 episode of norovirus-positive diarrhea before 2 years of age. This heterogeneity was also noted in the GEMS study, and suggests important differences in either circulating norovirus genotypes, host susceptibility among populations, or both. Evidence suggests that specific binding to histo-blood group antigens [16] and expression of α(1,2) fucosyltransferase "secretor status" [17] alters the susceptibility of individuals to some but not all genotypes. Lopman et al reported that in Ecuador, GII.4 infections were only observed in secretor-positive children; however, secretor-negative children actually had a higher incidence of other genotypes, such that the overall incidence of norovirus infection was the same in both groups [7] . Viral genotyping (ongoing) and the characterization of HBGA polymorphisms thus warrant more attention in future studies of norovirus epidemiology and immunity in endemic settings. Nevertheless, it is important that in this study, nutritional status of the host was also a significant determinant of disease, demonstrating that improving nutrition among children in developing countries can have an important impact on disease burden reduction.
Our findings are consistent with other recent work in LMICs emphasizing the ubiquity of norovirus in the community setting and its considerable contribution to endemic childhood diarrhea [5, 7, 18] . Furthermore, this work contributes to the evidence refuting the notion that norovirus causes mild disease [1, 19] . Using a well-validated severity score and a broad diagnostic platform, we found no evidence that norovirus-positive diarrhea caused milder disease than other enteropathogens, with the exception of rotavirus. This contrasts findings in the GEMS study [20] , which did not point to norovirus as a key contributor to moderate to severe diarrhea. The difference in these findings may be somewhat explained by study design; whereas the GEMS study relied on health centers for the recruitment of cases, we captured symptomatic disease in the household and therefore detected more mild to moderate cases of disease. Thus, it is possible that norovirus diarrhea in the hospital setting is indeed rare, but that the cumulative burden of norovirus causes significant morbidity. Considering that severity of norovirus-positive diarrhea in the community was comparable to that of other important enteropathogens, but the prevalence was considerably higher, we argue that it be prioritized accordingly. This work builds on that of birth cohorts conducted by O'Ryan et al in Chile [6] , Saito et al in Peru [5] , and Lopman et al in Ecuador [7] describing norovirus carriage and associated disease in young children. O'Ryan et al observed increased incidence of infection in children aged 7-12 month, at a rate of 8.4 per 100 child-months. Similarly, a peak incidence of 6.3 among 6-to 11-month-olds was reported in Ecuador, and an even higher incidence of 15.7 was observed in Peru. We report a considerable range of incidence rates in this age group, with 5 of our 8 sites vastly exceeding these previous estimates. We did not observe any evidence of growth insults at 3, 6, or 9 months after infection with GI or GII. This finding conflicts with those elsewhere in Peru, although we when reproduced Saito et al's methods, we did observe an association between cumulative infections and reduced mean LAZ at 6 and 18 months of age. Our approach controls for LAZ at the time of each infection to allow for the temporality of the infection and growth to be resolved for improved causal inference.
We observed protective immunity within the GII genogroup, similar to work in Peru and Chile. Although there was a trend toward a decrease in the incidence of symptomatic disease following prior infection (HR, 0.76 [95% CI, .50-1.15]), the protection was not significant. Evidence suggested a dose-response in acquired immunity, as children with ≥2 prior infections exhibited greater protection to symptomatic episodes (33%) compared with children with only 1 prior infection (20%). However, these findings were not statistically significant. Across sites, there was no evidence of protective immunity conferred by GI infection. Importantly, 81% of all symptomatic infections occurred after 6 months of age. Given that peak incidence of infection and disease is occurring at 6-11 months, this work supports the recent finding by Shioda et al that immunization schedules completed by 6 months would be preferable to 12-month schedules [21] . Using the attributable fraction of 5.7% among children aged >6 months, and based on the estimate by Walker et al [22] of 1.731 billion episodes of diarrhea annually, we estimate that an effective vaccine could avert approximately 99 million episodes of diarrhea among children aged 6-24 months. However, the attributable fraction risks underestimating this figure in high-transmission settings [23] , and metrics assigning diarrheal disease to a single pathogen should be treated with caution when estimating the impacts of specific interventions [2] .
We report a high prevalence of coinfection, illustrating the challenge of attributing diarrhea to a single pathogen in studies employing broad diagnostic platforms with sensitive detection of multiple enteropathogens. However, there was no evidence of interaction between pathogens in determining symptoms or disease severity; therefore, this should not discredit our findings.
This work is an important contribution to the limited number of studies longitudinally describing norovirus infection and disease, particularly outside of clinical trials or hospital settings. To our knowledge, the data presented here comprise the most extensive multisite description of norovirus epidemiology among children in countries with high diarrheal morbidity and mortality. Incidence, asymptomatic carriage, and disease presentation exhibited vast heterogeneity by country and region, underscoring the need for more community-based epidemiologic studies in LMICs to inform appropriate prevention and control. Nonetheless, this work demonstrates the clear burden of norovirus in early childhood, particularly GII, and evidence for natural immunity, thus providing strong impetus for ongoing vaccine development.
Notes
